This analysis aims to describe the outcomes of two nonambulatory patients with Duchenne muscular dystrophy (DMD) who participated in two clinical studies. The two consecutive trials of eteplirsen (studies 201 and 202) were conducted in patients with DMD (N = 12) and confirmed genetic mutations amenable to exon 51 skipping.
Introduction
Duchenne muscular dystrophy (DMD) is a progressive, X-linked recessive, degenerative, universally fatal neuromuscular disease caused by lack of dystrophin that results in loss of ambulation and wheelchair dependency by the early teens. [1, 2] A primary concern for nonambulatory patients and their caregivers is the maintenance of respiratory and cardiac function, as respiratory and cardiac deterioration are leading causes of death in patients with DMD. [3] [4] [5] [6] In addition, preservation of upper extremity function [3] is important to maintain the ability to independently engage in activities of daily living, including self-care (e.g., feeding and grooming), computer use, writing, and control of manual or powered wheelchairs. Most clinical trials of disease-modifying agents for DMD focused on preservation of lower limb function. [7, 8] However, as DMD-associated morbidity is not restricted to lower limb dysfunction, clinical assessments of disease-modifying treatments should also focus on preservation of pulmonary, cardiac, and upper limb function.
Eteplirsen (Exondys 51 [formerly AVI-4658]; Sarepta Therapeutics, Inc., Cambridge, MA) is the first DMD treatment approved by the US Food and Drug Administration, and is indicated for the treatment of DMD in patients with a genetically confirmed DMD gene mutation that is amenable to exon 51 skipping.
[9] Patients with certain deletion mutations adjacent to exon 51 of the DMD gene produce an out-of-frame mRNA that results in the production of an unstable or nonfunctional protein product. [1] Eteplirsen targets exon 51 in dystrophin pre-mRNA to trigger skipping of exon 51, [1] resulting in restoration of the reading frame and allowing production of an internally truncated but functional dystrophin protein. [9] [10] [11] Data from two consecutive studies of 12 patients treated with eteplirsen for up to 240 weeks at the time of this analysis were previously compared with data for untreated controls [10] or with natural history data. [12] These comparisons showed that longterm treatment with eteplirsen slowed disease progression, including measures of ambulatory and pulmonary function, and had no negative impact on cardiac function. [10, 12, 13] Two patients in the trial experienced early, rapid deterioration in ambulation. In this observational study, we compare long-term pulmonary, cardiac, and upper extremity function and dystrophin production in muscle biopsy samples obtained at week 180 in these two patients with that of 10 study patients who remained ambulatory throughout the trial.
Materials and methods

Study design
Details of the design of eteplirsen studies 201 and 202 have been described previously. [10] Briefly, study 201 (NCT01396239) was a 28-week trial conducted from July 2011 to February 2012 that comprised a 24-week double-blind phase and a 4-week openlabel phase. Patients were randomized 1:1:1 to receive onceweekly, double-blind intravenous (IV) infusions of eteplirsen (30 or 50 mg/kg) or placebo for 24 weeks. Placebo patients were then randomized 1:1 to receive eteplirsen 30 or 50 mg/kg for weeks 25 through 28. During the last visit of study 201, eligible patients could be enrolled in study 202 (NCT01540409), an open-label extension study designed to assess the long-term efficacy and safety of eteplirsen, which initiated in February 2012 and ended in April 2016. A dose extension was completed and ended in August 2017. Patients continued on the same dose of eteplirsen through completion of study 202 (combined week 240 of studies 201 and 202). The studies were conducted in accordance with the principles of the Declaration of Helsinki and the International Council for Harmonisation Good Clinical Practice guidelines, and the ethics committee at Nationwide Children's Hospital approved the study protocol. Parents or legal guardians of all patients provided written informed consent before study participation and genetic testing.
Patients
Eligible patients for study 201 were aged 7 to 13 years with DMD and a genetically confirmed mutation amenable to exon 51 skipping, were able to walk 200 to 400 m (±10%) on the 6-minute walk test (6MWT), were receiving stable doses of oral corticosteroids for at least 24 weeks before study entry, and remained on stable corticosteroid therapy throughout the study. [2] Patients who completed study 201 were eligible to enroll in study 202, a long-term extension.
2.3. Functional efficacy 2.3.1. Ambulatory and pulmonary function assessments. The 6MWT and pulmonary function tests were performed at baseline, at least every 12 weeks through week 96, and every 24 weeks thereafter until week 240 and were described previously. [10] 2.3.2. Cardiac function assessment. As part of safety monitoring, standard 2-dimensional echocardiography (ECHO) of left ventricular ejection fraction (LVEF) was performed at the central site at baseline of study 201 and at prespecified time points every 10, 12, 14, or 24 weeks thereafter, through combined study week 240, to assess cardiac function. Medical personnel reviewed each ECHO, noting LVEF and designating findings as clinically or not clinically significant.
2.3.3.
Upper limb functional assessments. The 9-Hole Peg Test was administered at least every 24 weeks using methods previously described. [14] The patient was timed on how quickly he could take 9 pegs from a shallow bowl indentation in the testing apparatus, place each peg into a hole one at a time, and put the pegs back, one at a time, in the shallow bowl indentation. Dominant and nondominant hands were tested twice, and the shorter time was used for analysis. Results of the dominant hand assessments are reported.
A maximum voluntary isometric contraction test (MVICT) was performed every 12 weeks through week 96 and every 24 weeks thereafter, using a Quantitative Movement Assessment system that utilized force transducers to assess elbow flexion and extension (kg) and hand grip (kg). For assessments of elbow muscle function, patients were placed supine with a strap attached to a cuff worn around the wrist; the opposite end of the strap was attached to the force transducer, which was secured to a stable frame. Hand grip function was evaluated while patients were sitting with their feet supported and the elbow positioned at a 90-degree angle. Patients completed a minimum of 3 trials. If the third trial produced the greatest value, up to 2 additional trials were then performed until either a maximum effort was achieved or 5 trials were completed. The maximum value for each muscle group was recorded.
Genetic diagnosis
Genetic mutation analysis was performed at Nationwide Children's Hospital as part of the study criteria. The presence Alfano et al. Medicine (2019) [2, 11] Eleven patients consented to an additional, optional fourth biopsy of the contralateral deltoid at week 180. A total of 9 baseline comparator muscle biopsies were also evaluated, including 3 baseline samples from studies 201 and 202 and 6 biceps biopsy samples from the eteplirsen PROMOVI clinical trial (NCT02255552), a study with comparable inclusion criteria to studies 201 and 202. . Dystrophin was detected by incubation PVDF membranes with 1:20 dilution of DYS1 (Leica; Wetzlar, Germany) followed by 1:40,000 anti-mouse IgG-conjugated horseradish peroxidase (GE Healthcare; Little Chalfont, UK). Signal from the membrane was developed using ECL Prime Buffer (GE Healthcare) followed by film exposure. Western blot films were analyzed using ImageQuant TL Plus software version 8.1 (GE Healthcare), and linear regression analysis was performed using GraphPad software. To determine the percent dystrophin in a sample, dystrophin band intensities as well as the input percent of normal control (NC) were log-transformed, and linear regression analysis was performed on the log-transformed data. The percent NC was then calculated using the equation: %NC = 10^((LOG (band intensity)-y intercept)/slope).
Percent dystrophin-positive fibers.
The methodology for immunohistochemical staining was described previously. [2, 11] Dystrophin-positive fibers were manually scored by independent, blinded analysts at Nationwide Children's Hospital and at Flagship Biosciences from randomized digital images of muscle biopsies stained using indirect immunofluorescence labeling with the primary antibody MANDYS106.
Bioquant analysis.
Bioquant Life Sciences imaging software (Bioquant Image Analysis Corporation; Nashville, TN) was used to quantify relative dystrophin levels associated with muscle fiber membranes by measuring relative fluorescence levels from blinded, randomized digital images of muscle biopsies stained using indirect immunofluorescence labeling with the primary antibody MANDYS106 (Developmental Studies Hybridoma Bank; University of Iowa, Department of Biology, Iowa City, IA). Percent intensity was calculated for each test sample relative to the NC value, as previously described. [2, 11] 
Safety assessments
Safety assessments included the review and evaluation of treatment-emergent adverse events (TEAEs), physical examinations, vital signs, clinical laboratory testing, and the use of concomitant medications.
Statistical analysis
Baseline was defined as the last value prior to the first dose of eteplirsen. For the 6MWT, a distance of 0 m was used if the patient was unable to complete the 6MWT. Fold difference in PDPF and Bioquant intensity at week 180 was calculated as the mean in the eteplirsen group divided by the mean in the untreated control group. P values comparing eteplirsen patients versus untreated controls for dystrophin assessments (Western blot, PDPF, and fiber intensity) were calculated using a 2-sample t test, with statistical significance set at P < .05. For safety data, TEAEs were summarized using descriptive statistics.
Results
The patients who lost ambulation (patients A and B) were identical twin brothers, started ambulating independently at 16 months of age, were initially randomized to the eteplirsen 30-mg/kg treatment group, and remained on eteplirsen 30 mg/kg/week throughout the study. They were aged 9.9 years at study enrollment compared with a mean age for the remaining 10 patients (patients C-L) of 9.2 years (range, 7.4-11.0). Patient A had a body mass index (BMI) of 20.9 kg/m 2 and weighed 39.8 kg; patient B had a BMI of 21.5 kg/m 2 and weighed 39.7 kg. In comparison, the mean BMI of the remaining 10 patients was 20.3 kg/m 2 (range, 16.4-25.6 kg/m 2 ), and their mean weight was 29.9 kg (range, 22.1-38.3 kg). Baseline demographics and disease characteristics for all 12 male patients who completed the studies have been described previously. [2, 10] Overall, the DMD gene mutations of all 12 patients represented 5 genotypes that caused out-of-frame deletions eligible for exon 51 skipping (deletion mutation of exons 45-50, 48-50, 49-50, 50, and 52) [2] ; patients A and B had a deletion mutation of exons 45-50 as did 2 of the other 10 patients. Patients A and B lost ambulation at approximately week 36 while the other 10 patients remained ambulatory throughout the study.
As part of their preventive cardiovascular regimen, patients A and B were receiving losartan 25 mg once daily throughout the study, and carvedilol 3.125 mg twice daily until week 109, when they were switched to 6.25 mg twice daily and were maintained at that dose through the remainder of the study. Seven of the 10 patients who remained ambulatory were also taking concomitant medications as preventive cardiovascular regimens. Patients A and B were also taking albuterol as needed for mild asthma. The current daily medication regimen for patients A and B includes prednisone 40 mg, carvedilol 6.25 mg, eplerenone 0.5 mg, and losartan 25 mg.
Ambulation
The baseline 6MWT distances of patients A and B, 330 m and 256 m, respectively, were lower than the mean 6MWT distance of 376.4 m (range, 341-418 m) observed in the remaining 
Pulmonary function
Patients A and B experienced an initial decline in percent predicted forced vital capacity (FVC%p), followed by a period of stability through week 96. Their FVC%p values subsequently declined between weeks 96 and 120, and again plateaued for the duration of the study (Fig. 3A) . Values for FVC%p at week 240 in the nonambulatory twins were 80% for patient A and 72% for patient B. The study mean at week 240 for the ambulatory patients treated with eteplirsen was 92% (range, 61-112%). At the time of this writing, patients A and B were aged 16 years and had initiated intermittent, nocturnal ventilation at age 15.
Cardiac function
Both twins maintained normal LVEF throughout the study (Fig. 3B) , with values similar to study means through week 240.
The LVEF values for patients A and B at week 240 were 66% and 58%, respectively. Similarly, the study mean at week 240 for the eteplirsen-treated ambulatory patients was 61% (range, 50-70%).
Upper limb function
Measures of upper limb function in the twins were reasonably stable (Fig. 4) . Taking this time point into consideration, overall, these findings were similar to study means for the 10 ambulatory patients through week 240, which were 0:19 s (9-Hole Peg Test), 7.5 kg (dominant hand grip strength), 1.77 kg (right elbow flexion), and 2.97 kg (right elbow extension). Currently, neither patient A nor B has developed hand contractures. In addition, both patients are generally able to feed themselves and to utilize computers or handheld devices to complete their schoolwork. They both require some assistance with hand transfer, particularly with heavy objects.
Dystrophin levels
Dystrophin expression was assessed in 11 patients (patients A and B and 9 other patients) who provided consent for the week 180 biopsy, which was analyzed by 3 methods, including Western blot (% normal controls), percent dystrophin-positive fibers (PDPF), and fiber intensity (% intensity based on fluorescence; Fig. 5 ; Table 1 ). Patients A and B had higher dystrophin expression as measured by all 3 methods (patient A: 0.52%, 40.4%, and 23.0%, respectively; patient B: 1.62%, 44.4%, and 21.4%, respectively) relative to the untreated comparator group (0.08%, 5.04%, and 9.4%, respectively) and had comparable or greater dystrophin expression relative to the mean of the ambulatory eteplirsen-treated patients (0.90%, 36.2%, and 22.7%, respectively). The difference in dystrophin expression between the mean of the untreated controls and the mean of the 11 eteplirsen-treated patients was also evaluated and found to be statistically significant for all 3 measures (Western blot, P < .01; PDPF, P < .001; fiber intensity, P < .001; Table 1 ). As reported by Charleston et al, [11] these differences equated to an 11.6-fold difference by Western blot, a 7.4-fold difference by PDPF, and a 2.4-fold difference by Bioquant fluorescence intensity. The PDPF results were confirmed by 3 pathologists who independently scored the image sets and observed a 15.5-fold difference between the untreated controls and the treated patient population.
Safety
All 12 patients experienced at least 1 TEAE. The most commonly reported TEAE, procedural pain, was reported by 11 of 12 patients. The TEAEs reported by at least 4 patients for up Table 2 ; TEAEs that occurred during 24 weeks of treatment with placebo in study 201 were previously reported. [10] The 2 patients who lost ambulation experienced TEAEs that were similar in frequency and severity to those of the 10 patients who remained ambulatory throughout the study. A total of 34 and 38 TEAEs were reported for patients A and B, respectively, compared with a range of 36 to 81 TEAEs reported for the 10 patients who remained ambulatory. Six of 12 patients (50.0%) experienced TEAEs that were considered by the investigator to be related to eteplirsen. Patients A and B both experienced fibrin clots in a chest port placed for eteplirsen infusion intravenous access (week 136 in patient A, weeks 137 and 164 in patient B), which were considered to be non-serious TEAEs of moderate severity, possibly or probably related to the study drug.
Four of 12 patients (33.3%) experienced serious adverse events. Both patient A and patient B experienced serious adverse events that were considered by the investigator to be unrelated to eteplirsen treatment. At week 87, approximately 51 weeks after loss of ambulation, patient A sustained a severe, closed, stable fracture of the right distal femur after falling out of his wheelchair; he recovered 2 months later. During week 171, approximately 31 months after loss of ambulation, patient B experienced a non-serious event of moderate scoliosis related to DMD progression that was not considered treatment-related. During week 212, approximately 40 months after loss of ambulation, worsening of the scoliosis was noted and the patient underwent posterior spinal fusion surgery, which was considered serious. At the time of this writing, both patients A and B had undergone scoliosis surgery. Patient B experienced complications from this surgery, including postoperative anemia, cardiac function disturbance, and postoperative respiratory distress.
Discussion
Two patients with DMD who were enrolled in a clinical trial of eteplirsen lost ambulation but maintained relative stability on nonambulatory measures of disease progression. Through 240 weeks of eteplirsen treatment in combined studies 201 and 202, both patients demonstrated cardiac and upper limb function as well as dystrophin production similar to that of 10 ambulatory patients evaluated. Compared with the other study patients at initiation of eteplirsen treatment, the twin patients were further progressed in key measures of disease considered to be predictive of loss of ambulation. These measures included advanced age (>7 years) and shorter 6MWT distance (330 m). [2] Natural history studies show that age and 6MWT distance are predictive of disease progression. [15, 16] A 3-year, prospective, longitudinal natural history study in ambulatory boys with DMD showed that the greatest decline in patients older than 7 years occurred in those who had 6MWT distances <350 m at baseline. [15] Previous studies reported dystrophin expression at baseline and following 12 or 24 weeks of treatment with eteplirsen, with an increase in the PDPF at week 24 but not at week 12. These findings suggest that a period of treatment with eteplirsen is needed before an increase in dystrophin may be detected. [2] Therefore, given that the twins showed more advanced disease at trial initiation, it is not surprising that they lost ambulation early in the study. However, their stability on non-ambulatory outcome measures suggests a potential therapeutic benefit of eteplirsen. This is supported by the observation that both nonambulatory twin patients demonstrated a similar level of increased novel dystrophin compared with ambulatory patients following 180 weeks of treatment. [2] Dystrophin production was demonstrated by 3 independent measures-Western blot, PDPF, and fiber intensity-that effectively assess dystrophin quantity and correct localization of dystrophin to the sarcolemma membrane. [11] Pulmonary function assessments showed that FVC%p declined initially and again between weeks 96 and 120, then remained stable for the duration of the study. Values for FVC%p at week 240 were 80% and 72% for patients A and B, respectively, and 92% for the ambulatory study mean. Pulmonary dysfunction is a key contributor to morbidity and mortality in patients with DMD. [17] [18] [19] FVC%p is an accurate spirometry measure that has been recommended as a reproducible, sensitive method for monitoring pulmonary function in DMD clinical trials. [20, 21] Multiple publications investigating pulmonary function in DMD disease natural history report continual declines in FVC%p. [22] [23] [24] Interestingly, in a prospective follow-up of nonambulatory men and boys with DMD employing a natural history trial design, FVC%p remained stable over 12 months (61.0-61.8%), but declined significantly over 24 months from 60% to 54.4% (P = .02). [24] With regard to cardiac function, LVEF values for the nonambulatory twin patients remained stable and within the normal range throughout 240 weeks of treatment with eteplirsen and were similar to the mean LVEF value of the 10 ambulatory patients. Decline in cardiac function, including LVEF decline by orthogonal measures, is reported in the natural history literature, [25] [26] [27] and cardiac failure is a leading cause of death Table 1 Novel dystrophin production confirmed by Western blot, fiber intensity, and percent dystrophin-positive fibers [11] . in patients with DMD. [28] It should be noted that ECHO evaluation of LVEF is not as sensitive as orthogonal LVEF measurements by imaging modalities such as cardiac magnetic resonance imaging or radionuclide ventriculography. At a minimum, it can be stated that eteplirsen did not have an obvious negative impact on cardiac function during the duration of the trial.
Regarding the 9-Hole Peg Test, a separate study of healthy reference individuals reported mean completion times for the 9-Hole Peg Test of 19.9 s for boys aged 8 to 9 years that decreased steadily to 18.0 s for boys aged 14 to 15 years. [14] As expected, mean completion times are higher for patients with DMD; a prospective, natural history study of nonambulatory patients with DMD reported a mean 9-Hole Peg Test completion time at baseline of 27.2 s, which did not change significantly over 1 or 2 years of follow-up. [24] In the current report, mean 9-Hole-Peg Test completion times were similar for the nonambulatory twin patients compared with the ambulatory eteplirsen mean through week 216, followed by a slowing of completion time for patient B at week 240. This observation in patient B may have been attributable to a spinal fusion surgery conducted prior to week 240, as this surgical procedure often results in loss of function resulting from change in movement patterns. Notably, at week 216, patient B achieved a 9-Hole Peg Test completion time of 21 s.
Studies of upper limb function in nonambulatory patients have shown a decline in measures of grip strength and elbow flexion, over a period of 12 to 24 months. [24, 29] In the present study, dominant-hand grip strength of nonambulatory patients A and B remained remarkably stable throughout the study, particularly following confirmation of dystrophin expression at week 24, and was similar to or greater than the mean grip strength of ambulatory patients. Right elbow flexion declined over time, and right elbow extension remained relatively stable and was similar to that of the mean of the other patients throughout the study. Neither patient A nor B developed hand contractures, a complication of DMD resulting from the absence of dystrophin that can substantially limit functioning and potentially limit the ability to administer and interpret commonly used tests of upper arm function and strength. [20, 30] Importantly, both patients A and B retained anti-gravity arm function, which is vital to activities of daily living.
Weekly administration of eteplirsen was well tolerated through 240 weeks of treatment in the nonambulatory patients. The TEAEs experienced by these patients were similar in nature and frequency to those reported for ambulatory patients. Twin patients A and B each experienced 1 serious TEAE of fracture and scoliosis, respectively, which were considered unrelated to treatment with eteplirsen. Moreover, these TEAEs are not unexpected in patients diagnosed with DMD, as their fracture risk is substantially higher compared with age-and sex-matched individuals without DMD, [31] and the development of scoliosis is not uncommon in nonambulatory patients with DMD. [5, 32] Limitations to these studies include the observational nature of this analysis, the small number of patients evaluated, and the open-label nature of treatment in the extension study.
In conclusion, after loss of ambulation, disease progression was relatively stable in twin patients treated with eteplirsen and was similar to the mean of the study patients who remained ambulatory. The 2 patients who lost ambulation had the most progressed disease at initiation of treatment, experienced a rapid decline in ambulatory ability prior to confirmation of dystrophin production, and lost ambulation shortly thereafter. However, both patients experienced relative stability on nonambulatory outcome measures. Each twin patient experienced maintenance of normal cardiac function and stability of upper limb function after losing ambulation. Sustained dystrophin expression was confirmed in both patients following 180 weeks of eteplirsen treatment by 3 complementary dystrophin assays. This observational study highlights the potential benefit of eteplirsen in patients who are non-ambulatory or who lose ambulation during the course of treatment. As additional eteplirsen clinical trials progress, further evidence will become available to provide context for these clinical observations.
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